Numerous studies in chordates and arthropods currently indicate that Cdx proteins have a major ancestral role in the organization of posthead tissues. In urochordate embryos, Cdx loss-of-function has been shown to impair axial elongation, neural tube (NT) closure and pigment cell development. Intriguingly, in contrast to axial elongation and NT closure, a Cdx role in neural crest (NC)-derived melanocyte/ pigment cell development has not been reported in any other chordate species. To address this, we generated a new conditional pan-Cdx functional knockdown mouse model that circumvents Cdx functional redundancy as well as the early embryonic lethality of Cdx mutants. Through directed inhibition in the neuroectoderm, we provide in vivo evidence that murine Cdx proteins impact melanocyte and enteric nervous system development by, at least in part, directly controlling the expression of the key early regulators of NC ontogenesis Pax3, Msx1 and Foxd3. Our work thus reveals a novel role for Cdx proteins at the top of the trunk NC gene regulatory network in the mouse, which appears to have been inherited from their ancestral ortholog.
INTRODUCTION
The neural crest (NC) is a vertebrate-specific population of multipotent cells that arise at a precise region of the embryo called the neural plate border (between the neural and non-neural ectoderm). Rolling-up of the neural plate during neurulation places the recently induced NC cells (NCCs) in the dorsal part of the closing neural tube (NT), from where they emigrate to colonize the embryo and differentiate into many derivatives (Bronner and LeDouarin, 2012) . According to their location along the anteriorposterior (A-P) axis, pre-migratory NCCs are classified into cranial, cardiac, vagal, trunk and sacral populations. The trunk NCC population has the unique potential to migrate either ventrally through the somites to give rise to neural derivatives (such as neurons and glia of the dorsal root and sympathetic ganglia), or dorsolaterally beneath the surface ectoderm to give rise to melanocytes of the skin (Kuo and Erickson, 2010) . The melaninproducing melanocytes appear to represent the most ancient evolutionarily conserved NC-like derivative (Abitua et al., 2012; Jeffery et al., 2008) .
Evidence from the study of the cranial NC population in zebrafish, chick and frog embryos has led to a putative NC gene regulatory network (GRN) (Simoes-Costa and Bronner, 2015; Stuhlmiller and García-Castro, 2012) . This network notably involves the convergence of posteriorizing (canonical Wnt and FGF) and mediolateral (BMP) signaling inputs at the neural plate border and the stepwise induction of, first, a kernel of 'neural plate border specifier' genes that encode transcription factors such as Pax3/7, Msx1/2 and Zic1/2, followed by a second module of 'NC specifier' genes that encode transcription factors such as FoxD3 and Sox9/10. A third module of 'NCC effector' genes encoding proteins with various functions (e.g. Dct enzyme and Ret transmembrane receptor) is finally activated during the migration of NCCs in order to control their tissue-specific homing and differentiation. Comparative analysis of the cranial NC GRN from basal chordates to vertebrates suggests that many regulatory circuits are conserved across chordates (Green and Bronner, 2013; Simoes-Costa and Bronner, 2013) . However, the exact way in which the NC GRN is wired downstream of the signaling inputs is expected to differ between the cranial and trunk regions, and between species (Barriga et al., 2015; Simoes-Costa and Bronner, 2013) . How the trunk NC GRN is wired in the mouse is largely unknown.
The Caudal-related homeobox (Cdx) gene family encode homeodomain transcription factors with posterior-restricted expression patterns and key, evolutionarily conserved roles in the general organization of post-head tissues via both Hoxdependent and -independent means (Copf et al., 2004; Faas and Isaacs, 2009; Katsuyama et al., 1999; Savory et al., 2009a; Shimizu et al., 2005; Shinmyo et al., 2005; Young et al., 2009 ). Owing to the very high conservation of their homeodomain, murine Cdx proteins (Cdx1/2/4) act redundantly in the regulation of their target genes (Savory et al., 2011 (Savory et al., , 2009b van den Akker et al., 2002; van Nes et al., 2006; van Rooijen et al., 2012) . Cdx proteins also possess an N-terminal transactivation domain and, accordingly, the vast majority of these target genes are positively regulated (Bansal et al., 2006; Beland et al., 2004; Taylor et al., 1997; Verzi et al., 2011) . Between E7.5 and E12.5, robust Cdx gene expression is initiated in epiblast cells undergoing gastrulation in the posterior regions of the embryo (i.e. primitive streak and axial stem cell zone of the tailbud). Cdx gene expression then transiently persists in the neuroectoderm, including in pre-migratory NCCs (Coutaud and Pilon, 2013) . At the onset of neurulation (E8.5), this is exemplified by a posterior (high) to anterior (low) gradient of transcript and protein distribution in the developing spinal cord, with an anterior limit of expression around the level of the hindbrain/spinal cord boundary set by Cdx1 (Beck et al., 1995; Gamer and Wright, 1993; Gaunt et al., 2003 Gaunt et al., , 2005 Meyer and Gruss, 1993) . This anterior limit of expression is not permanent as it regresses caudally concomitantly with axial elongation. By contrast, robust expression is maintained in the tailbud region until E10.5 for Cdx1/4 and E12.5 for Cdx2. In accordance with their posteriorrestricted expression patterns, expression of Cdx genes is regulated by posteriorizing signals (Lohnes, 2003) , with all three murine Cdx genes being direct targets of the canonical Wnt pathway (Lickert et al., 2000; Pilon et al., 2006 Pilon et al., , 2007 Prinos et al., 2001; Zhao et al., 2014) .
Pertaining to NC ontogenesis, we previously demonstrated that Cdx proteins act downstream of canonical Wnt signaling to directly induce Pax3 expression in pre-migratory NCCs in cooperation with the neural plate border specifier Zic2 and the pan-neural factor Sox2 (Sanchez-Ferras et al., 2014 . However, the importance of this regulation for global trunk NC development in vivo was not evaluated owing to complications typically associated with the study of Cdx null compound mutants (i.e. posterior truncation and/or early embryonic lethality) (Savory et al., 2011 (Savory et al., , 2009b van Rooijen et al., 2012) . Via conditional expression of a previously described dominant-negative Cdx protein (Sanchez-Ferras et al., 2012) in the NT and premigratory NCCs, we now show that Cdx proteins play a key early role in the trunk NC GRN, with especially notable implications for subsequent melanocyte development.
RESULTS

Generation and validation of a mouse model allowing conditional pan-Cdx functional knockdown
To study the role of Cdx in NC development in vivo, we devised a strategy allowing neuroectoderm-specific pan-Cdx functional knockdown. This approach is based on the Cre/loxP-dependent expression of a FLAG-tagged fusion protein ( FLAG EnRCdx1) consisting of the repressor domain of Drosophila Engrailed (EnR) fused to the Cdx1 homeodomain. Both the efficacy and specificity of EnRCdx1 as a potent repressor of Cdx target genes regulated either by DNA binding-dependent (via Cdx BS) or -independent means [via an interaction with a DNA-binding co-factor such as the Wnt nuclear effector Lef1 (Beland et al., 2004) ] have been previously validated (Sanchez-Ferras et al., 2012) .
As depicted in Fig. 1 , a FLAG EnRCdx1-IRES-GFP bicistronic cassette preceded by a floxed PGKpNeo cassette was targeted to the ROSA26 locus by homologous recombination in embryonic stem cells (ESCs), thereby generating a novel ROSA26 reporter allele that we named R26R
EnRCdx1
. Standard microinjection of these targeted ESCs into blastocysts yielded three germline transmitting chimeras. Following appropriate breeding, R26R
EnRCdx1/EnRCdx1 animals were recovered at the expected frequency and were healthy and fertile.
To validate the efficacy and specificity of the conditional EnRCdx1 mouse model, we evaluated whether it could be used to affect the well-characterized role of Cdx in A-P vertebral Development (2016 Development ( ) 143, 1363 Development ( -1374 Development ( doi:10.1242 patterning (Deschamps and van Nes, 2005; Lohnes, 2003) . R26R EnRCdx1/EnRCdx1 mice were crossed with T-Cre Tg/+ mice (Perantoni et al., 2005) , which express Cre in the posterior nascent mesoderm under the control of the brachyury (T ) promoter (Fig. S1A,B) . Skeletal preparations of R26(TCre) EnRCdx1/+ neonates showed the presence of a high number of homeotic transformations as well as vertebral malformations and/or fusions at the cervical level, most of which were fully penetrant ( Fig. 2A , Table 1 ). Similar defects were also observed in the thoracic and lumbar regions, but with lower penetrance (Fig. 2B-D′) . These phenotypes are highly reminiscent of those observed in Cdx1 −/− ; Cdx2 +/− compound mutants (van den Akker et al., 2002) . As these defects resulted from only monoallelic expression of EnRCdx1, such an outcome clearly validates the R26R EnRCdx1 mouse model as a potent genetic tool for conditional Cdx loss-of-function studies.
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Pax3 promoter-directed expression of EnRCdx1 results in early postnatal death, hydronephrosis and pigmentation defects
To study Cdx function in the NC lineage, the P3pro-Cre driver line was chosen over the widely used Wnt1-Cre line in order to avoid the Cdx-free anterior neuroectoderm (Fig. S1C) . We reasoned that this would minimize potential off-target effects, which are always a concern with a dominant-negative approach. As previously described Stottmann and Klingensmith, 2011) , analysis of R26 (P3Cre) EnRCdx1/+ E9.5 embryos showed that the P3pro-Cre transgene directs expression of the FLAG EnRCdx1-IRES-GFP bicistronic cassette in the posterior neural plate up to the posterior hindbrain (Fig. S1D ). Of note, still in accordance with prior studies (Liu et al., 2006) , transverse sections at the level of the forelimb buds not only revealed strong GFP expression in migratory NCCs but also variable expression throughout the dorsoventral axis of the NT (Fig. S1E) .
R26(P3Cre) EnRCdx1/+ mutants of weaning age were recovered at lower than expected frequency, and a systematic follow-up of the progeny of six breeding couples revealed that a high number of mutant newborns die at about postnatal day (P) 1 with very little, if any, milk in their stomach (Fig. 3A, Table 2 ). This age of death, combined with the lack of milk, is normally indicative of severe feeding problems (Turgeon and Meloche, 2009 ). This is apparently not due to abnormal craniofacial morphology and, as described below, other data rather suggest a neural origin for this outcome (see Fig. 5 ). Interestingly, about half of R26(P3Cre) EnRCdx1/+ newborns also exhibit a kinked tail (Fig. 3A, Table 2 ). This is suggestive of mild convergent extension defects, as previously reported for Cdx1
−/− double mutants (Savory et al., 2011) , thereby further validating our approach.
Other observations revealed that R26(P3Cre) EnRCdx1/+ mutants that survive beyond P2 also exhibit severe growth delay (Fig. 3B) , with an additional subset of them dying at ∼P10 ( Table 2 ). The cause of this second wave of early postnatal death is currently unclear, although it might well still be due to feeding difficulties. Intriguingly, many of these dead animals exhibited a hydronephrotic kidney upon dissection. However, we think that this phenotype is unlikely to represent a major cause of death given that it was present in only about half of cases, in an age-independent manner, and frequently found to unilaterally affect the left kidney only (Fig. 3C, Table 2 ). It is also noteworthy that R26(P3Cre) EnRCdx1/+ mice have reproduction problems that prevented the generation of mutant animals with biallelic expression of EnRCdx1.
Importantly, 100% of R26(P3Cre) EnRCdx1/+ mice that survive beyond P2 display pigmentation anomalies ( Table 2) . Lack of pigmentation is observed in the hindpaws and distal tail in all mutants, but never in anterior regions of the body (Fig. 3B) . In ∼25% of cases, a tiny white spot is also observed on the belly (Fig. 3D,E) . To determine whether these pigmentation defects were specifically caused by reduction in Cdx function, we expressed EnRCdx1 in a Cdx1 −/− background 
Genetic interaction between R26(P3Cre)
EnRCdx1/+ and Pax3
Sp/+
Our previous work revealed a key role for Cdx proteins in the induction of Pax3 expression in trunk NCCs via direct binding to a short evolutionarily conserved enhancer (Sanchez-Ferras et al., 2014 . To expand on this in vivo, and based on the presence of Pax3
Sp/+ -like pigmentation defects in R26(P3Cre) EnRCdx1/+ mutants ( Fig. 3) , we evaluated whether neuroectoderm-directed expression of EnRCdx1 in a Pax3
Sp/+ background would yield a significant reduction in Pax3 expression to increase the pigmentation defects of Pax3
Sp/+ mice. In accordance with this possibility, phenotypic analyses of an allelic series of R26R EnRCdx1/EnRCdx1 and P3pro-Cre Tg/+ ::Pax3
Sp/+ mice revealed that the posterior pigmentation anomalies observed in each single mutant were significantly accentuated in all double mutants ( Fig. 4A-H) .
Given the known requirement of Pax3 function for proper formation of the NC-derived enteric nervous system (Lang et al., 2000) , the structure of the myenteric plexus was also analyzed in the distal colon of these mice by staining of acetylcholinesterase activity. Whereas very modest, if any, hypoganglionosis was observed in each single mutant, a clearly aggravated phenotype was again observed in all double mutants tested ( Fig. 4I-L) . Therefore, these observations strongly suggest that the NC defects observed upon EnRCdx1-mediated Cdx loss-of-function are, at least in part, due to reduced Pax3 expression.
EnRCdx1-mediated Cdx loss-of-function affects A-P patterning of the peripheral nervous system as well as melanoblast development
The presence of fusions between adjacent NC-derived dorsal root ganglia, which is suggestive of deficient A-P patterning, has previously been described in the cervical region of Cdx1 −/− ; Cdx2 +/− double mutants (van den Akker et al., 2002) . To determine whether these defects were cell-autonomous, as well as to obtain an overview of the integrity of the peripheral nervous system upon neural-specific EnRCdx1-mediated Cdx loss-of-function, we stained E10.5 embryos using the 2H3 anti-neurofilament ::Cdx1 −/− ) embryos revealed the presence of fusions of dorsal root ganglia in the cervical region ( Fig. 5A-D) , thereby indicating a cell-autonomous contribution of Cdx proteins to A-P patterning of NCCs. Interestingly, this analysis also revealed abnormalities of the hypoglossal nerve (twelfth cranial nerve) in mutant embryos. This strictly motor nerve innervates the Absence of AAA 17 (1/6) Fusion to basioccipital 100 (6/6) Malformed NA 100 (6/6) Vertebra 2 C1 identity 100 (6/6) Fusion to C1 83 (5/6) Malformed NA 100 (6/6) Vertebra 3 C2 identity 67 (4/6) Fusion to C4 50 (3/6) Malformed NA 67 (4/6) Vertebra 4
Fusion to C3 50 (3/6) Vertebra 6
Absence of TA 100 (6/6) Vertebra 7
Malformed 17 (1/6) Thoracic region 12 thoracic vertebrae instead of 13 17 (1/6) Fusion of ribs 33 (2/6) Lumbar region 5 lumbar vertebrae instead of 6 33 (2/6) AAA, anterior arch of the atlas; NA, neural arch; TA, tuberculum anterior. tongue and plays a major role in the control of swallowing. It is formed by several converging roots that exit the central nervous system from multiple points in the ventral part of the anterior spinal cord. In mutant embryos, these roots often appear disorganized and less dense, resulting in a reduced number of elongating axons that are also markedly shorter ( Fig. 5A′-B′) . Such defects are most likely due to the P3pro-Cre-directed expression of EnRCdx1 in the ventral region of the NT (Fig. S1D,E) , and presumably reflect problems with the well-documented evolutionarily conserved role of Cdx proteins in the control of positional identity at the hindbrain-spinal cord transition via either Hox-dependent (Bel-Vialar et al., 2002; Epstein et al., 1997; Shimizu et al., 2006) or -independent (Skromne et al., 2007; Sturgeon et al., 2011) means. Regardless of the precise underlying mechanism, these hypoglossal nerve defects offer a plausible explanation for the high rate of early neonatal death in EnRCdx1 mutant offspring (Fig. 3A , Table 2 ). In order to begin to understand the mechanism by which Cdx proteins impact melanocyte development, we also analyzed the expression of melanoblast markers in stage-matched control (R26R EnRCdx1/+ ::Cdx1 −/− ) and mutant [R26(P3Cre) EnRCdx1/+ ::
.5 embryos (Fig. 6) . Immunofluorescence analyses for the early marker c-Kit at the level of the hindlimb buds showed that melanoblasts migrating along the dorsolateral pathway are not well aligned in the mutants (Fig. 6A,B) . Intriguingly, these cells frequently appeared farther beneath the surface ectoderm and were even occasionally found to be located in dorsal root ganglia (Fig. 6B) . A similar outcome was obtained with an antibody against Mitf, which in addition revealed weaker expression and abnormal cytoplasmic localization of this master transcriptional regulator of melanocyte differentiation (Fig. 6C,D) . The presence of melanoblasts in ectopic locations is highly reminiscent of the phenotype observed upon NC-specific Foxd3 loss-of-function (Nitzan et al., 2013a,b) , and thus makes deficient and/or delayed cell fate decisions a likely cause of the pigmentation anomalies observed in EnRCdx1 mutants. In accordance with this, expression of the relatively late melanoblast marker Dct was found to be markedly reduced in the trunk region of mutant embryos, without being affected in the eye (Fig. 6E,F ).
Msx1 and Foxd3 are novel direct targets of Cdx proteins
Post-head NCCs are constantly induced at the lateral borders of the posterior neural plate (i.e. in regions containing the highest levels of Cdx proteins), concomitantly with axial elongation and the generation of new neural cells from the posterior growth zone. In an effort to identify Cdx target genes relevant to the EnRCdx1-induced NC phenotypes, we analyzed the expression of multiple markers of pre-migratory NCCs in the posterior region of E9.5 embryos via whole-mount in situ hybridization (Figs 7 and 8) . At this stage, all three Cdx genes are robustly expressed in the tailbud region up to a varying anterior limit of weaker expression in the caudal NT. As expected from our prior work Sanchez-Ferras et al., 2014 , comparisons between stage-matched control (R26R EnRCdx1/+ ::Cdx1 −/− ) and mutant [R26(P3Cre) EnRCdx1/+ ::Cdx1 −/− ] embryos first revealed that expression of the neural plate border specifier Pax3 is specifically reduced in pre-migratory NCCs of mutant embryos (Fig. 7A,B) . Interestingly, transcript levels of the neural plate border specifier Msx1 (Fig. 7C,D) , as well as those of the NC specifier Foxd3 (Fig. 8A,B) , were also similarly reduced in mutant embryos. By contrast, expression of Zic2, Sox9 and Sox10 appeared unaffected (Fig. 7E,F, Fig. 8C-F) . Importantly, all the observed EnRCdx1-mediated changes were neural specific and restricted to the caudal embryo.
To verify whether Msx1 and Foxd3 are novel, direct Cdx targets, we looked for relevant regulatory elements in their proximal promoter region -through which many Cdx targets are known to be regulated (Shir-Shapira et al., 2015) . As Cdx proteins can regulate gene expression by either DNA binding-dependent or -independent means (Beland et al., 2004; Sanchez-Ferras et al., 2014) , binding sites for Cdx as well as for Cdx-interacting proteins with a key role in NC induction were both considered to be of interest. Accordingly, analysis of the 1.2 kb proximal promoter using MatInspector software revealed consensus-like Cdx binding sites upstream of the Foxd3 transcription start site (TSS) as well as a particular enrichment for putative Lef/Tcf binding sites upstream of both the Msx1 and Foxd3 TSS (Fig. 9A-C) .
Luciferase assays in the NC-derived N2a cell line further showed that each Cdx member can transactivate in a dose-dependent manner both of these proximal promoters (Fig. S2) . Interestingly, cotransfection of all three Cdx proteins synergistically activated the Msx1 and Foxd3 proximal promoters and this effect was decreased in a dose-dependent manner by FLAG EnRCdx1 (Fig. 9D) . To confirm occupancy of these loci in vivo, we then performed ChIP-PCR assays using trunk tissues from R26(P3Cre) EnRCdx1/+ :: Cdx1 −/− E9.5 embryos. This showed that FLAG EnRCdx1 occupies conserved sequences containing either the consensus-like Cdx binding sites upstream of Foxd3 or the predicted Lef/Tcf binding sites upstream of Msx1 (Fig. 9E) . These results are also in accordance with unpublished anti-Cdx2 ChIP-seq data showing peaks located at −647 bp and −823 bp from the Msx1 and Foxd3 TSS, respectively (D. Lohnes, personal communication) . Taken together, these results demonstrate that Cdx proteins directly regulate Msx1 and Foxd3 expression via occupancy and transactivation of their proximal promoters.
DISCUSSION
In spite of their high, Wnt-regulated expression in the caudal neuroectoderm across chordates, the role of Cdx family members in the NC has remained obscure because of the functional redundancy, early embryonic lethality and severe posterior truncation phenotypes normally associated with the study of Cdx mutants. To circumvent these difficulties, we used a neuroectoderm-directed Cdx functional knockdown approach. This strategy resulted in posterior-restricted NC anomalies that correlated with the specific downregulation of a set of genes (Pax3, Msx1 and Foxd3) crucial for NC specification. Our study thus confirms that a Wnt-Cdx regulatory pathway is at work during NCC ontogenesis in vivo.
A new potent genetic tool for the study of Cdx functions in mice
The use of an obligate repressor form of Cdx proteins in vivo is not new. However, in contrast to previous studies in other species that relied on EnRCdx-expressing transgenic constructs driven by different regulatory elements (Bel-Vialar et al., 2002; Isaacs et al., 1998; Katsuyama et al., 1999; Mita and Fujiwara, 2007) , we generated a new ROSA26 reporter allele (R26R EnRCdx1 ), thus avoiding the problems associated with standard transgenesis (i.e. variable levels of transgene expression and/or adventitious disturbance of important endogenous sequences). Moreover, our approach not only allows the analysis of redundant Cdx functions but also greatly simplifies the study of these functions in distinct cell lineages via simple breeding with any Cre driver line of interest.
One obvious limitation of the obligate repressor approach is that any gene normally repressed by Cdx proteins will most likely remain unaffected. However, it should be noted that, in addition to the fact that Cdx-mediated repression appears to be a rare event (Verzi et al., 2011) , it is also possible that the presence of the strong repressor domain of Engrailed might still lead to informative gainof-functions in these circumstances. Another important limitation is that expression of EnRCdx1 in a Cdx-free territory might erroneously affect the expression of genes that are normally regulated by Cdx proteins in other tissues and thereby lead to biologically irrelevant interpretations. Although such potential off- target effects will always remain a concern, the P3pro-Cre line that we used to trigger EnRCdx1 expression from the ROSA26 locus was chosen in order to keep this risk to a minimum. Indeed, in contrast to endogenous Pax3 expression (Goulding et al., 1991) , the P3pro-Cre transgene is inactive in the vast majority of Cdx-free neuroectodermal tissues (anterior hindbrain, midbrain and forebrain) Natoli et al., 1997) . It should also be noted that, although the P3pro-Cre transgene contains the Cdx-responsive regulatory sequences of Pax3 (see below), the stepwise Cre-mediated expression of EnRCdx1 most likely explains why EnRCdx1 can specifically downregulate Pax3 without affecting its own expression. Indeed, once Cre-mediated excision of the floxed interfering cassette is achieved, expression of EnRCdx1 is then permanently under the control of ROSA26 sequences (i.e. it becomes Cre independent) and is thus no longer under the influence of Cdx proteins.
A key Cdx role at the head of the trunk NC GRN
Previous work from our group and others led us to hypothesize that, at least in the mouse, Cdx genes are at the head of the trunk NC GRN, downstream of the Wnt, FGF and BMP inductive cues. Indeed, Cdx genes are expressed in the caudal neuroectoderm before the neural plate border specifiers and are known to be regulated by these signaling pathways (Keenan et al., 2006; Lengerke et al., 2008; Pilon et al., 2006 Pilon et al., , 2007 . In addition, Cdx proteins are known to mediate the regulation of canonical Wnt and BMP target genes by directly interacting with their respective nuclear effectors, namely the Lef-Tcf/β-catenin complex (Beland et al., 2004 ) and pSmad1/5/8 (Mari et al., 2014) . Pertaining to NC development, we have specifically shown that Cdx proteins integrate canonical Wnt signaling to induce Pax3 expression in Development (2016 Development ( ) 143, 1363 Development ( -1374 Development ( doi:10.1242 the caudal neuroectoderm by direct binding to an NC enhancer (Sanchez-Ferras et al., 2012) in association with the neural plate border specifier Zic2 (Sanchez-Ferras et al., 2014) . Interestingly, both of the new Cdx targets Msx1 and Foxd3 (Figs 7-9) are also known to be regulated by Wnt signals during NC induction in a manner similar to Pax3 (Taneyhill and Bronner-Fraser, 2005) . This strongly suggests that the Wnt-Cdx regulatory axis can be reiteratively used to control successive overlapping steps of early trunk NC development: in specification of the posterior neural plate border via regulation of Pax3 and Msx1, and in specification of the NC per se via regulation of Foxd3. Together with the well-known role of Cdx in the control of A-P patterning (Deschamps and van Nes, 2005; Lohnes, 2003) , our work also suggests that multifunctional Cdx-dependent regulatory circuits can facilitate the coordination of NC specification with NC positional identity along the A-P axis. Such a role appears not to be restricted to the Cdx genes, since Gbx2, Hoxb5 and Meis3 -three additional A-P patterning genes -have also been reported to play important early roles in the NC GRN (Gutkovich et al., 2010; Kam et al., 2014; Li et al., 2009 ).
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Impact of Cdx functional knockdown on melanocyte and enteric nervous system development EnRCdx1-mediated perturbation of the NC specification program was evidenced by the presence of pigmentation and enteric nervous system abnormalities. Based on the known joint requirement of Pax3 and FoxD3 for maintaining the NC progenitor pool (Nelms et al., 2011) , a likely possibility for explaining these combined defects is that the number of NCCs required for colonizing the skin and the bowel is reduced. The small hypoganglionic patch in the distal colon of R26(P3Cre) EnRCdx1/+ mice and its increased size in a Pax3
Sp/+ background support this hypothesis (Fig. 4K,L) . However, considering that the NCC defects observed upon monoallelic expression of EnRCdx1 are relatively modest, a corresponding decrease in the number of NCCs is expected to be very difficult to observe. Accordingly, our immunofluorescence analyses for the NCC marker Sox10 failed to reveal a reduction in the number of migratory NCCs in R26(P3Cre) EnRCdx1/+ ::Cdx1 −/− E9.5 embryos (Fig. S3) . Of note, independently of the direct regulation of Pax3 and Foxd3 expression by the Cdx proteins, reduced Msx1 expression is also expected to contribute to the NCC defects of EnRCdx1 mutants. Indeed, Msx1 loss-of-function studies in Xenopus have revealed a lack of pigmentation and, interestingly, this was correlated with reduced expression of both Pax3 and Foxd3 (Monsoro- Burq et al., 2005) . Such a role for Msx1 in the mouse has not been reported so far, most likely because of the early perinatal lethality of Msx1/2 single and compound mutants and the expected functional redundancy with Msx3 (Ishii et al., 2005; Satokata and Maas, 1994; Wang et al., 1996) .
Based on the relatively modest depigmentation observed in R26(P3Cre) EnRCdx1/+ ::Cdx1 −/− animals, we interpret the robust decrease of Dct expression that is apparent at E11.5 as a delay in the Mitf-regulated melanocyte differentiation cascade secondary to concomitant downregulation of Pax3, Foxd3 and Msx1. Given that Mitf is known as a key direct regulator of Dct expression (Jiao et al., 2004; Schwahn et al., 2005) , such decreased Dct expression is most likely due to the observed dysregulation of Mitf in mutant melanoblasts. However, the exact contribution of the combined downregulation of Pax3, Foxd3 and Msx1 to Mitf dysregulation is currently unknown. Even if we only consider the regulation of Mitf gene expression by Pax3, FoxD3 and Msx1, the regulatory cascade at play is expected to be complex. Indeed, Pax3, FoxD3 and Msx1 can all act as either activator or repressor depending of the molecular context, and a complex interplay is already known to exist between Pax3, FoxD3 and Mitf at both the gene and protein levels. FoxD3 can inhibit Pax3-mediated activation of Mitf gene expression (Thomas and Erickson, 2009 ) and Pax3 can inhibit activation of Dct expression by Mitf (Lang et al., 2005) . Moreover, FoxD3 has recently been identified as a direct positive regulator of Pax3 expression in the melanocyte lineage (Kubic et al., 2015) . On the other hand, since not only the levels of Mitf but also its subcellular distribution were found to be affected in mutant melanoblasts, there is a strong possibility that supplemental, yet to be identified, Cdx targets are also involved. In this regard, it is intriguing to note that, in contrast to other cell types (Bronisz et al., 2006) , actively regulated cytoplasmic-nuclear shuttling of Mitf has not been described in melanoblasts. As some Waardenburg syndrome-associated mutations of MITF (both inside and outside the nuclear localization signal) have been reported to impair its nuclear localization (Grill et al., 2013) , identifying any putative Cdx target involved in the nuclear translocation of Mitf in melanoblasts might have clinical importance. 
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An ancestral role for Cdx proteins in the molecular control of pigment cell development
Our work provides the first in vivo evidence for an indirect role of Cdx in pigment cell development in the mouse, which we believe is secondary to an early direct role in NC ontogenesis. Yet, it is noteworthy that a lack of body pigmentation has been previously reported following Cdx loss-of-function in the ascidian Halocynthia roretzi (Katsuyama et al., 1999) . In this regard, it is also interesting that two sets of pigment cells of distinct origin have been described in ascidian embryos, and each has been suggested as the ancestral precursor of the NC (Abitua et al., 2012; Jeffery et al., 2008) . One set is derived from the 'a' lineage and contributes to structures equivalent to the vertebrate eye and inner ear (Abitua et al., 2012; Nishida and Satoh, 1989) , whereas the other is derived from the 'A' lineage and contributes to body pigmentation (Jeffery et al., 2008 (Jeffery et al., , 2004 . We believe that the controversy concerning which set of pigment cells is the 'true' NC precursor could be resolved in accordance with the fact that the ascidian central nervous system is compartmentalized in a similar way to that of vertebrates (Imai et al., 2009) , i.e. the origin of the cranial NC could be attributed to the a-derived set, whereas the origin of the trunk NC could be attributed to the Aderived set. The fact that ascidian Cdx is expressed in the A-line and that its inhibition results in loss of body pigmentation is in total agreement with this hypothesis (Imai et al., 2009; Katsuyama et al., 1999) . Taken together with our work, these observations strongly suggest that, rather than being novel, Cdx genes might be among the most ancestral components of the trunk NC GRN.
MATERIALS AND METHODS
Ethics statement
Experiments involving mice were performed following Canadian Council of Animal Care (CCAC) guidelines for the care and manipulation of animals used in medical research. Protocols involving the manipulation of animals were approved by the Institutional Ethics Committee of the University of Quebec at Montreal [Comité Institutionnel de Protection des Animaux (CIPA)], reference number 0513-C1-648-0514. 
1371
Plasmid constructs Cdx1/2/4 and FLAG EnRCdx1 expression vectors were as previously described (Sanchez-Ferras et al., 2012) QC, Canada) . The pROSA26-EnRCdx1 targeting construct was generated using the previously described pBigT and pROSA26PA vectors (Srinivas et al., 2001 ). Msx1p1.2kb-Luciferase and Foxd3p1.2kb-Luciferase reporter constructs were generated by subcloning respective PCR-amplified sequences ( primer sequences are shown in Table S1 ) into pXP2 (Nordeen, 1988) .
Generation of R26R-FLAG EnRCdx1 knock-in mice 129/Sv-derived R1 ESCs were cultured as previously described (Pilon et al., 2007) . These cells were electroporated with PvuII-linearized pROSA26-EnRCdx1 targeting vector and selected with G418 (200 µg/ ml) for 7 days. Surviving clones were isolated and analyzed for homologous recombination by Southern blot using EcoRI and KpnI double-digested genomic DNA. Proper targeting was verified with 5′ and 3′ external probes [kindly provided by Christine Hartmann (Nyabi et al., 2009) ]. Expression of the FLAG EnRCdx1-IRES-GFP bicistronic transcript after removal of the PGKpNeo stop cassette was verified by anti-FLAG western blotting analysis and GFP fluorescence following Cre transfection ( pMC-Cre) of one targeted ESC clone. This positive clone was used to generate germline chimeras by injection into C57BL/6 blastocysts according to standard procedures (Nagy et al., 2003) . Mice carrying the mutant allele were identified by PCR genotyping using primers flanking the ROSA26 XbaI integration site ( primer details are shown in Table S1 ).
Mice
Cdx1
−/− mice were generously provided by D. Lohnes with the permission of P. Gruss (Subramanian et al., 1995) . Pax3 +/Sp and Wnt1-Cre2 mice were obtained from the Jackson Laboratory. T-Cre mice were kindly provided by M. Lewandoski (Perantoni et al., 2005) and P3pro-Cre mice were kindly provided by S. Astrof with the permission of J. Epstein 
Offspring analysis
Embryos were generated by natural mating and collected between E9.5 and E11.5, with noon of the day of vaginal plug detection designated E0.5. Embryos to be compared were of the same litters and processed in parallel. Whole-mount in situ hybridization and vibratome transverse sectioning (100 µm) were performed as previously described (Coutaud and Pilon, 2013; Sanchez-Ferras et al., 2014) . Skeletal preparations of newborns were performed as described (Allan et al., 2001) . For acetylcholinesterase staining, the colon region from P21 control and mutant mice was dissected and stained as described (Bergeron et al., 2015) .
Primary antibodies used for immunolabeling were mouse antineurofilament (1:200; Developmental Studies Hybridoma Bank, 2H3), goat anti-Sox10 (1:100; Santa Cruz Biotechnology, sc-17342), mouse antiMitf [C5] (1:2000; Abcam, ab12039) and goat anti-cKit (1:500; R&D Systems, AF1356). HRP-conjugated goat anti-mouse secondary antibody was obtained from Santa Cruz Biotechnology (sc-2005) whereas Alexa 647-conjugated bovine anti-goat and donkey anti-mouse secondary antibodies were obtained from Jackson ImmunoResearch (805-605-180 and 715-605-150) . Immunohistochemistry on whole embryos and immunofluorescence on cryosections were performed as previously described (Boulende Sab et al., 2011; Sanchez-Ferras et al., 2014) except when using the anti-Mitf antibody, which required tissue permeabilization with 1% Saponin (Sigma, S-4521). Images were acquired with a Leica DFC 495 camera mounted on a Leica M205 FA microscope, except for immunofluorescence which was imaged with a Nikon A1 laser scanning confocal microscope.
Chromatin immunoprecipitation (ChIP) assays
The trunk regions from five freshly dissected E9.5 R26(P3Cre) EnRCdx1/+ :: Cdx1 −/− mouse embryos were isolated and cross-linked with 1% formaldehyde in PBS for 15 min at room temperature. ChIP assays were performed using the M-Fast Chromatin Immunoprecipitation Kit (ZmTech Scientific) in accordance with the manufacturer's instructions. Immunoprecipitation was performed as previously described (Sanchez-Ferras et al., 2014) using 1 µg mouse anti-FLAG M2 (Sigma, F1804) antibodies. Rabbit IgG was used as a negative control for immunoprecipitation. PCR amplifications were performed using Platinum Taq Hifi DNA polymerase (Invitrogen) and primers for amplifying evolutionarily conserved regions of the Foxd3 (−1058 to −782 bp) and Msx1 (−1137 bp to −325 bp) proximal promoters (primer details are shown in Table S1 ). Amplicons were resolved on a 1.5% agarose gel and confirmed by sequencing.
Transfection analysis
Transfection of Neuro2a (N2a; ATCC #CCL-131) cells and luciferase assays were performed as previously described (Sanchez-Ferras et al., 2012) . For analyzing the Cdx effect on Msx1 and Foxd3 promoter activity, 8×10 4 N2a cells were seeded in 24-well plates and transfected with 100 ng of the respective luciferase reporter construct together with increasing amounts of Cdx1-, Cdx2-or Cdx4-IRES-GFP expression vectors (0-20 ng). For Cdx and EnRCdx1 competition assays, N2a cells were similarly transfected but with a fixed amount of Cdx1-(5 ng), Cdx2-(5 ng) and Cdx4-(10 ng) expressing vectors (alone or in combination) and increasing amounts of EnRCdx1-IRES-GFP expression vector (0-30 ng). Empty vector was included when necessary to achieve a total of 125 ng (Cdx effect) or 150 ng (EnRCdx1 competition) DNA per well. All transfections were performed at least five times in triplicate. Graphics and statistical analyses were performed with GraphPad Prism. 
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